In late summer through early winter of 1998, there were several outbreaks of respiratory disease in the swine herds of North Carolina, Texas, Minnesota, and Iowa. Four viral isolates from outbreaks in different states were analyzed genetically. Genotyping and phylogenetic analyses demonstrated that the four swine viruses had emerged through two different pathways. The North Carolina isolate is the product of genetic reassortment between H3N2 human and classic swine H1N1 influenza viruses, while the others arose from reassortment of human H3N2, classic swine H1N1, and avian viral genes. The hemagglutinin genes of the four isolates were all derived from the human H3N2 virus circulating in 1995. It remains to be determined if either of these recently emerged viruses will become established in the pigs in North America and whether they will become an economic burden.
All known subtypes of influenza A viruses are found among wild avian species that serve as primary reservoirs for these agents (11) . In general, an influenza virus infects only a single species; however, whole viruses may occasionally be transmitted from one species to another, and genetic reassortment between viruses from two different hosts can produce a new virus capable of infecting a third host. Avian influenza viruses are not readily introduced into humans (1), possibly because humans do not possess the ␣(2,3)-sialyllactose (NeuAc-2,3Gal) receptors required for attachment of the viruses to epithelial cells. However, individual viral genes can be transmitted between humans and avian species, as demonstrated by avianhuman reassortant viruses that caused the 1957 and 1968 influenza pandemics (16, 33, 39) . This finding suggested that an intermediate host may be needed for genetic reassortment of human and avian viruses. Pigs are considered a logical candidate for this role because they can be infected by either avian or human viruses (17, 18, 34) and because they possess both NeuAc-2,3Gal and NeuAc-2,6Gal receptors (12) . In addition, there is good evidence that pigs are more frequently involved in interspecies transmission of influenza A viruses than are other animals (17, 22, 25, 30, 31) .
The first cases of influenza in pigs were seen in the United States during the catastrophic human influenza pandemic of 1918-1919. Classical H1N1 swine influenza viruses are genetically and antigenically similar to the type A influenza viruses implicated in the human pandemic (27, 37, 38) and have become one of the most common causes of respiratory disease in North American pigs (38) . Serologic studies of pigs in the United States in the late 1980s indicated a high (51%) prevalence of classical H1 influenza viruses, contrasted with a very low (1.1%) prevalence of H3 viruses antigenically similar to human H3 strains (6) . The most recent isolation of an H3N2 swine virus in North America was in Quebec, Canada, in 1991 (2) . The virus isolated is antigenically conserved and similar to 1975 human strains.
In late August of 1998, a severe outbreak of influenza-like disease occurred in a pig farm in North Carolina with 2,400 breeding sows, causing abortions and deaths among the breeding females. The sows were lethargic with high fever (104 to 107°F) and did not eat for a period of several days (exceeding 3 days for some sows). The morbidity rates approached 100%, with 7% of the breeding sows aborting their fetuses; the death rate in sows was 2%. Subsequent outbreaks, in November and December of 1998, affected pig populations in Texas, Minnesota, and Iowa. These outbreaks appeared less severe by comparison. Although the typical signs of influenza (sneezing, rough hair, and cough) were noted in greater numbers of pigs, fever was moderate and the morbidity rate was lower in Iowa. There were no reports of deaths of sows on pig farms in Minnesota or Iowa, although some mortality was reported in the Texas outbreak. Previous inoculation with an H1N1 vaccine may have alleviated some of the morbidity usually associated with influenza virus infection, but it was clearly ineffective in preventing outbreaks.
Four swine influenza viruses, including A/Swine/NorthCarolina/35922/98, A/Swine/Texas/4199-2/98, A/Swine/Minnesota/ 9088-2/98, and A/Swine/Iowa/8548-1/98, isolated between September and December of 1998 from influenza outbreaks in different states were used in this study. The four viruses were abbreviated as SWNC98, SWTX98, SWMN98, and SWIA98, respectively. The viruses were isolated from nasal swabs and lung tissues of sick or dead pigs and propagated in chicken embryos. All isolates were identified as belonging to the H3N2 subtype in local investigations, and this was confirmed in our laboratory.
The viral genome was sequenced as described previously (42) . The sequence data were analyzed with the Wisconsin Package version 9.1-Unix (Genetics Computer Group, Madison, Wis.) and GeneDoc version 2.3.000 software (24) . Phylogenetic analysis was done by the maximum parsimony method in PAUPsearch and PAUPdisplay programs of Wisconsin Package version 9.1-Unix.
To address the question of the genetic composition and origin of the causative viruses in the four influenza outbreaks, we partially sequenced each of the eight viral gene segments. Nucleotide sequences ranging from 595 to 1,385 bases of each gene were compared with those available in GenBank to determine the extent of homology ( Table 1 ). The four swine viruses isolated in 1998 (abbreviated as SW98 viruses) could be separated on the basis of closest genetic relatedness. For the earlier isolate, SWNC98, the two genes encoding the hemagglutinin (HA) and neuraminidase (NA) surface glycoproteins and one internal gene encoding PB1 are most closely related to the corresponding genes from recent human H3N2 influenza viruses (98 to 99% homology). The other five internal genes of SWNC98 have the highest homology with genes of the classic H1N1 swine lineage (93 to 98%). For the remaining three viruses, the HA, NA, and PB1 genes belong to the same lineage as those from SWNC98 (97 to 99% homology), while the NP, M, and NS genes originated from the classical swine lineage (98% homology). Interestingly, two internal genes from these isolates, PB2 and PA, are closely related to the genes of avian influenza A viruses (93 to 97% homology). Since only a few PB2 and PA gene sequences from recently isolated avian viruses were available for comparison with GenBank data, the actual homologies between swine and avian PB2 and PA genes may be closer than the estimates reported here.
Thus, the swine H3N2 viruses isolated during the 1998 outbreaks are genetic reassortants incorporating gene segments of different origins. SWNC98 was generated by reassortment between a recent human virus and a classical swine virus, whereas each of the remaining three isolates arose from reassortment events among recent H3N2 human, classic swine H1N1, and avian influenza A viruses.
To identify more precisely the host or hosts in which the SW98 viruses originated, we constructed phylogenetic trees, using the HA1 region of the HA gene and partial sequences of the PB2 and NP genes. To learn whether the swine H3N2 viruses isolated in the United States are related to the H3 swine virus isolated previously, we used nucleotide sequences of representative swine viruses isolated at different times and in different regions of the world to construct an HA1 tree. As shown in Fig (13, 14) , as well as the four SW98 viruses isolated in the United States. It is apparent from the phylogenetic tree that the HAs of the SW98 isolates were derived from neither the recent Japanese swine viruses nor the A/Swine/Ange-Gardien/150/90 (SWAG90) virus isolated in Canada (2). Rather, they are all descendants of human viruses circulating in 1995.
Phylogenetic analysis of the PB2 and NP genes showed a clear division of the SW98 viruses into different lineages (Fig.  2) . In the PB2 tree, swine viruses are separated into a classical swine lineage and an avian lineage. SWNC98 belongs to the classical swine lineage, while the remaining three SW98 viruses cluster together on the North American avian branch. In the NP tree, the swine viruses are divided into three lineages, including classical swine and human-like and avian-like lineages. All of the NP genes from the SW98 viruses belong to the classical swine lineage. SWNC98 is more closely related to A/MD/12/91 than to the remaining SW98 isolates.
The HA1 sequences of A/Finland/339/95 in GenBank showed the closest homology with the HA1s of the SW98 viruses. Because of the difficulty in finding the actual precursor of the latter viruses, we used the sequence of MDCK-grown A/Finland/339/95 (26) as prototype to determine the mutations that may have occurred after the introduction of the HA gene from humans to pigs (Fig. 3) . Twelve to 14 amino acid differences were found between the prototype virus and the SW98 isolates, resulting in an overall sequence identity of 95.7 to 96.3%. To minimize the possibility that the amino acid changes in the SW98 viruses resulted from sequence differences between the actual precursor and the A/Finland/339/95 prototype, we aligned the 10 most closely related sequences from GenBank with the deduced amino acid sequences of the SW98 viruses (data not shown). This comparison revealed two of the changes: one at position 145, found in 8 of 10 related human viruses, and another at position 312, found in only 1 of 10 related human viruses. These mutations may have been inherited from the precursor virus and should not be regarded as changes occurring after human-to-pig transmission (Fig. 3) .
The majority of differences between the prototype and SW98 HA1s occurred in regions other than the proposed antigenic sites (5, 21, 40) ; indeed, the percentage of mutations in SWNC98 has a single mutation (Lys135 to Gly135), while each of the remaining isolates has three (Lys135 to Gly135, Ala138 to Ser138, and Asp190 to Glu190). SWIA98 has an additional residue replacement in its receptor-binding site (Tyr137 to His137). The amino acid sequence of the SW98 viruses at residues 226 to 228, a site known to affect receptorbinding properties (29) , was Ile-Ser-Ser, typical of human influenza virus strains circulating in 1995 (19, 20, 26 ). The same methods described above were used to analyze the NA sequences of the SW98 viruses. The SW98 NA sequences were most closely related to those of A/Shiga/20/95 and A/Shiga/25/97 in GenBank. When the deduced amino acid sequences of the SW98 viruses were aligned with that of MDCKgrown A/Shiga/25/97 (19) (data not shown), 9 to 13 amino acid differences were found. Five of the changes were reckoned as derivations from the precursor human virus by comparison with 12 of the most closely related sequences from GenBank. The residues in the enzymatic site (7) sites were observed at positions 61, 70, 86, 146, 200, 234, 329, and 402 in the NA protein of A/Shiga/25/97. Six of them are conserved in the SW98 viruses; however, the potential glycosylation site at position 329 was lost in these viruses through the substitution of Ser331 for Arg331. The SWTX98, SWMN98, and SWIA98 viruses lack a potential glycosylation site, due to substitution of Asp402 for Asn402, that is present in the SWNC98 isolate.
Pigs appear to have a relatively weak species-specific barrier against infection by avian as well as human influenza A viruses (32, 38) . Avian influenza viruses were introduced into pigs in Asia and Europe (9, 10, 17, 31) , and genetic reassortment between human-like and avian-like or swine viruses occurred in pigs (4, 35) . Our genetic analysis of the influenza viruses isolated from pigs in 1998 provides compelling evidence of interspecies transmission of human and avian viruses to pigs and of genetic reassortment among the human, swine, and avian influenza A viruses. To our knowledge, this is the first reported case in which the genome of an influenza virus consisted of gene segments from three different viral lineages.
An avian H1N1 influenza virus was transmitted to European pigs in the early 1980s (31, 32) and replaced the classical H1N1 strain that had been circulating in these animals since 1976 (3, 8) . In 1983 to 1985, genetic reassortment took place between the avian-like and human-like H3N2 swine virus that had been transmitted to European pigs in the mid-1970s (3, 4) . The reassortant strain, which possess "surface" genes of human origin and "internal" genes of avian origin, later replaced the human-like H3N2 virus (3). The H3N2 reassortant with avian internal genes has apparently superseded the antigenically related human-like strain. Successful adaptation of the reassortants with avian-derived internal genes suggests that these viruses might have a growth advantage in pigs compared with classical swine and human-derived viruses. Our finding also suggests that combination of gene segments from human, avian, and classical swine influenza viruses creates a favorable FIG. 2. Phylogenetic trees for partial PB2 and NP sequences of influenza A viruses. Nucleotide residues 44 to 1,600 of all PB2 genes and residues 34 to 1,024 of all NP genes were analyzed. The trees were generated by the method described in the legend to genetic background for transmission and replication of the hybrid virus in pigs. Indeed, the "triple" reassortant viruses described here caused influenza outbreaks in at least three states, in contrast to the human-swine isolate (SWNC98), which appears to have infected pigs in North Carolina only.
Amino acid sequence analysis revealed multiple changes in the surface proteins of the SW98 viruses, compared with prototype sequences. This finding could reflect laboratory adaptation of the viruses to growth in eggs, rather than adaptation to pigs, since previous studies have documented both antigenic and sequence differences in the hemagglutinin between MDCK-grown and egg-grown human viruses (15, 26, 28) . Eggadaptation substitutions for human viruses usually occur at residues 137 (Y to C), 156 (E to K), 186 (S to I), 226 (L to Q), 248 (T to I), and 276 (T to I) (15, 26, 28) . Comparison of A/Finland/339/95 virus grown in eggs versus that grown in MDCK cells revealed only one amino acid difference, I194, in the HA1 domain (26) . Thus, since the SW98 viruses also had a change to I at position 194 and lacked any mutations commonly associated with virus growth in eggs, we suggest that most of the amino acid changes observed did not result from virus propagation in eggs.
Although several amino acid changes in the receptor-binding pocket of SW98 viruses are duplicated in human viruses (19, 20, 26) , others (H137 and S138) are unique. Since the affinity requirement for HA binding differs according to the host species, it is not surprising that some residues in the receptor-binding site were replaced after interspecies transmission of the SW98 viruses. The relatedness of the SW98 viruses to the human H3N2 strains isolated in 1995 was further emphasized by the presence of the same amino acid sequences (Ile-Ser-Ser) at residues 226 to 228 in the receptor-binding site (19, 20, 26) .
Glycosylation of viral antigens masks and unmasks antigenic sites (5, 36, 40, 41) and therefore is an important process in the generation of new viruses. Clear evidence exists for the importance of carbohydrates in modulating antigenicity: for example, a new glycosylation site in the HA molecule prevented antibody binding and viral neutralization in a mutant of A/Aichi/ 1/68 (36) . Alignment of H3 proteins shows that human viruses have acquired seven potential glycosylation sites in their HA1 domains, whereas avian viruses have only four potential glycosylation sites (data not shown). This suggests that the presence of glycosylation sites may correlate with immunologic pressure in the host. Avian viruses are subject to less immunologic pressure than mammalian viruses and therefore do not require as much carbohydrate to mask their antigenic sites. We speculate that the swine viruses isolated in 1998 lost several potential glycosylation sites in their HAs and NAs after they were introduced from humans into pigs, in part because of the weaker selection pressure exerted by the latter host.
Emergence of the H3N2 reassortant influenza viruses in the pigs of the United States raises further concerns about whether the viruses will become established in the pigs in North America and whether they will become an economic burden. It is worth considering the inclusion of H3N2 inactivated virus in the swine vaccination regimen. This event also emphasized the need for surveillance of pig populations in North America for evidence of continuous circulation of this virus in pigs.
Nucleotide sequence accession numbers. All sequences used in this study were sent to GenBank, and the accession numbers are AF153232 to AF153263.
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